Surface-science investigations have contributed significantly to heterogeneous catalysis in the past several decades. Fundamental studies of reactive systems on metal single crystals have aided researchers in understanding the effect of surface structure on catalyst reactivity and selectivity for a number of important reactions. Recently, model systems, consisting of metal clusters deposited on planar oxide surfaces, have facilitated the study of metal particle-size and support effects. These model systems not only are useful for carrying out kinetic investigations, but are also amenable to surface spectroscopic techniques, thus enabling investigations under realistic pressures and at working temperatures. By combining surface-science characterization methods with kinetic measurements under realistic working conditions, researchers are continuing to advance the molecular-level understanding of heterogeneous catalysis and are narrowing the pressure and material gap between model and real-world catalysts.
INTRODUCTION
Heterogeneous catalyst-based processes are wide and varied, including hydrocarbon refining, the production of bulk chemicals, automobile pollution control, and fuel-cell technologies (1, pp. . Typical heterogeneous metal catalysts are constructed of a highly porous, high-surface-area oxide (e.g., Al 2 O 3 , TiO 2 , SiO 2 ) containing a dispersed metal phase active for catalytic reaction. The performance of heterogeneous catalysts is often defined in terms of their activity, selectivity, and stability, indicators that determine the practical and economic feasibility of a catalyst for use in a particular application (1; 2, pp. . These key properties can be governed by a multitude of factors, including the type and nature of the active metal, support effects and interactions, particle size, particle atomic and electronic structure, catalyst promoters, catalyst treatments, and reaction conditions often at elevated pressures (greater than 1 atm) and temperatures. Although a number of analytical tools (e.g., microscopy and X-ray diffraction) have provided researchers with insights into relations between the overall average particle structure and the collective catalytic behavior of particles in a reaction system, assessing the effect of the atomic and electronic structure on industrial catalysts at the molecular level has proven challenging (3, pp. 1-9). As a result, researchers have strived to develop experimental systems and techniques to understand catalytic behavior at the molecular level and the numerous factors that work together to define catalyst activity, selectivity, and stability.
Over the past several decades, a molecular-level understanding of surfaces and adsorbates has been greatly advanced through the development of an array of surface-sensitive spectroscopic and ultrahigh-vacuum (UHV) techniques (4) (5) (6) (7) (8) . Combined with the ultraclean UHV environment (pressures less than 10 −9 Torr), these spectroscopic techniques have facilitated the study of gas surface adsorption, desorption, chemical reactions, surface-adsorbate and adsorbate-adsorbate interactions, and other processes in great detail on well-characterized, model catalyst samples. The model catalysts typically employed by the surface scientists are metal single crystals, multimetallic thin films, and thin oxide-supported metal catalysts, samples that aim to mimic the active surface(s) on industrial catalyst samples. For a number of reaction systems, surface scientists have shown good correlation between the catalytic behavior of model and industrial catalyst samples (4, 7) .
A UHV environment is required to utilize many surface-science spectroscopies and guarantee a clean surface. Industrial catalysts, however, are typically operated at elevated pressures greater than 1 atm. The large difference in operating pressures of the two applications, the so-called pressure gap, is a barrier that surface scientists have faced in relating investigations on model catalysts to industrial catalysts (4) . To overcome this barrier without sacrificing UHV feasibilities, they have designed systems capable of performing reactions at elevated pressures in a reactor contiguous to a UHV system, allowing sample transfer between the two regimes without exposure to the open air (9-11). These systems have enabled kinetic reaction measurements to be performed at elevated pressures on clean surfaces prepared and analyzed in UHV, with the surface characterized before and after reactions with various surface-science techniques.
Similarly, another barrier encountered with the use of model catalyst samples is the so-called material gap (4, 7) . Industrial catalysts typically are highly porous and have large surface areas, whereas metal single crystals do not provide the opportunity to investigate support effects and particle-size and structure effects. To this end, over the past two decades, surface scientists have developed techniques to create well-characterized model catalyst samples (under UHV conditions) comprising metal clusters supported on ultrathin metal-oxide surfaces. These model systems provide a suitable replicate for complex industrial catalysts, enabling investigations of support interactions and particle-size effects (6-8, 12, 13) . These ultrathin metal-oxide films are
METAL SINGLE CRYSTALS AS MODEL CATALYSTS
Early work by several groups addressed the significance of metal single crystals as model catalysts. The methodology relies largely on carrying out catalytic reactions on metal single-crystal surfaces at realistic conditions approaching those typically found in technical applications. The kinetics and surface chemistry of several catalytic reactions have demonstrated the direct relevance of single-crystal studies for modeling the behavior of high-surface-area supported catalysts.
Structure-Insensitive Reactions
In the following, representative examples are given to structure-insensitive reactions, i.e., reactions with kinetics independent of active metal particle size and surface orientations.
CO methanation (CO + H 2 → CH 4 )
. CO methanation has some fundamental significance as it is an essential component of Fischer-Tropsch synthesis. It is also an essential reaction in the production of synthetic natural gas from hydrogen-deficient carbonaceous materials and in the removal of CO/CO 2 from the H 2 feed in ammonia synthesis (14). As shown in Figure 1a , the kinetic data for the close-packed Ni(111) (Figure 1b ) and more open Ni(100) (Figure 1c ) are strikingly similar with respect to the specific rates and activation energies (15). Furthermore, the single-crystal kinetics is virtually identical to that acquired from alumina-supported nickel catalysts (16). These extraordinary similarities in kinetics taken under identical conditions demonstrate unequivocally that CO methanation is a structure-insensitive reaction. Further investigations extended the structure insensitivity of this reaction to Ru, W, Rh, Fe, Mo, and Co single crystals (14, and references therein). For structure-insensitive reactions in general, these studies collectively provide a good example of the appropriateness of using single crystals as models.
Metal catalysts are often modified by impurity species. Their roles (i.e., whether they function as poisons or promoters) are of virtual importance in catalysis. For example, the activity of transition metals can be reduced substantially by electronegative species (14). However, the underlying relative importance of ensemble (local, site-blocking) versus electronic (long-range) effects is difficult to assess on complex technical catalysts. Such difficulties, however, are easily circumvented on single-crystal model catalysts. For example, kinetics studies carried out on sulfur (more electronegative) and phosphorus (less electronegative) poisoned Ni(100), using CO methanation as a model reaction, have convincingly proven the dominance of extended electronic effects (17). 800 K 700 K 600 K 500 K 450 K SFG: sum frequency generation situ electron spectroscopic measurements after evacuation of the reactants (27) and more recent in situ sum frequency generation (SFG) vibrational spectroscopic studies (4, 28, 29) revealed the generation of long-lived carbonaceous deposits (especially ethylidyne) during reaction. It has been concluded that ethylene hydrogenation must occur on top of this carbonaceous layer.
2.1.4. Nature of structure insensitivity. For metal catalysts, the relative concentrations of terraces, steps, kinks, and point defects change with formation methods and particle sizes (4, 5) . These various factors modify the coordination of surface atoms and therefore adsorbate bond strengths, and eventually catalytic activities. In this sense, a structure-sensitive situation is expected to prevail, yet the examples above clearly demonstrate that this is not the case. A common explanation of structure insensitivity appears to be a poisoning effect in which surface sites that might be responsible for structure sensitivity are poisoned (or screened) during reaction by reactants/intermediates. These species have been identified as carbidic carbon in CO methanation (15, 17), near-saturation coverage of CO in CO oxidation (24-26), and a full layer of carbonaceous species in ethylene hydrogenation (28, 29). One has to keep in mind that the significance of the studies above is to demonstrate the relevance of kinetics measured on single-crystal surfaces for modeling the behavior of technical catalysts. It is entirely conceivable that some non-rate-limiting steps in a global structure-insensitive reaction are still structure sensitive.
Structure-Sensitive Reactions
Next, examples are given to structure-sensitive reactions, i.e., reactions with kinetics depending heavily on active metal particle size and surface orientations. 
Alkane hydrogenolysis.
One important example of a structure-sensitive reaction is the hydrogenolysis or cracking of alkanes on metal surfaces. This type of reaction is initiated by the dissociative adsorption of alkane molecules on a metal surface, a step shown to depend strongly on the surface morphology. Figure 3 displays an example of ethane hydrogenolysis over Ni(100) and Ni(111) surfaces. The more open (100) surface is far more active than the close-packed (111) surface (30). Moreover, at a given temperature, the rate of methane production over an initially clean crystal was extremely constant with no apparent induction period; the carbon level during reaction remained constant at submonolayer coverage (14, 30). The activity difference could be explained by considering the atomic spacing between high-coordination bonding sites on the surfaces for which the high-coordination threefold hollow sites are ideally suited for maintaining the C-C bond intact on Ni(111); however, on Ni(100), the high-coordination sites are further apart, facilitating C-C bond cleavage. A more detailed mechanistic investigation of alkane hydrogenolysis was conducted on Ir single crystals using ethane, propane, n-butane, and neopentane as reactants (31). Numerous studies have also addressed hydrogenolysis over Rh, Pt, Mo, and Ru model catalysts (14) . Altogether this large inventory of single-crystal reaction data shows convincingly that alkane hydrogenolysis in general is structure sensitive, with the more open surfaces exhibiting considerably greater propensity for breaking C-C bonds. was studied extensively over Pd single crystals, planar model Pd/Al2O3/Ta(110) catalysts, and conventional high-surface-area Pd/Al 2 O 3 catalysts (32) . Figure 4 displays kinetic data acquired using single crystals in a batch reactor and data for the conventional supported catalysts taken with a flow reactor. It is apparent from the single-crystal data that the CO+NO reaction over Pd is structure sensitive, with Pd(111) five times more active than the more open (100) and (110) surfaces (32) (33) (34) . When the activity of the Pd/Al 2 O 3 powder catalysts is compared, it is even more conclusive: The most active catalyst has an average cluster size of 120 nm and an activity that is 30-fold higher than that catalyst with an average cluster size of 6 nm. It is also evident that the single crystals have higher activities and lower activation energies than the powder-supported catalysts, behavior similar to that reported for Rh catalysts (35, 36) . The rate-limiting step for this reaction has been identified as the N (a) combination step to form N 2 . The structure-sensitivity behavior is understood by the binding energy difference of N (a) with different surface sites, with lower-coordination Pd sites (open surfaces, smaller particles) binding N (a) stronger, leading to lower activity.
CO oxidation by NO on

Ammonia synthesis on Fe (N 2 + 3H 2 → 2NH 3 ).
The adsorption and dissociation of N 2 , H 2 , and NH 3 on Fe single crystals have been investigated in detail under UHV conditions to reveal the reaction mechanism of ammonia synthesis. The rate-limiting step has been identified to be the dissociation of adsorbed N 2 (4, 5) . The high-pressure kinetic data presented in Figure 5 show that the presence of Fe surface atoms with a coordination number of 7 (C 7 coordination sites, the most highly coordinated surface sites Fe can expose) is far more important than surface roughness for catalytic activity (37) . The atomically rougher Fe(210) surface has much less activity than the less open Fe(211) surface; the only possible explanation for this is that the latter surface exposes C 7 sites. Remarkably, the N 2 sticking coefficients derived at vacuum are quite similar to the reaction probabilities for the Fe single crystals determined at 20 bar shown in Figure 5 .
For structure-sensitive reactions as well, this demonstrates that kinetic data obtained with singlecrystal surfaces at vacuum can be transferred across the pressure gap to high pressures and also reflect the behavior of real catalysts (5). Studies with Fe single crystals have also shown that the role of aluminum oxide (an additive of technical ammonia-synthesis catalysts) is to restructure and stabilize the most active surfaces (38) . Overall, the above examples clearly show that for structure-sensitive reactions, atomic spacing, coordination numbers, and electronic properties of catalyst surfaces play important roles in the rate-limiting kinetics. Specifically, the single-crystal studies demonstrate that the activity of a particular site or set of sites can be examined and the effects of surface structure explored in atomic detail. In certain cases, the kinetic parameters derived at vacuum are transferable to elevated pressures as structure-insensitive reactions.
OXIDE-SUPPORTED METAL CLUSTERS
Single-crystal surfaces do not accurately mimic the complexity of real-world catalysts for which issues related to particle size and the support-particle interaction cannot be addressed. This XPS: X-ray photoelectron spectroscopy LEED: low-energy electron diffraction LEIS: low-energy ion scattering material gap can be bridged via the utilization of planar oxide-supported metal-cluster model catalysts. Planar oxide supports can be prepared by two methods: (a) cleaving the bulk oxide single crystals, especially ones that can be made sufficiently conductive after vacuum treatment (e.g., TiO 2 ) (39), and (b) growing thin films of metal oxides on refractive metal substrates, which is more common. For supported metal-cluster catalysts, the electronic structure, chemical (catalytic) and thermal behavior, and the interaction with the support are dependent on the particle size of the clusters. The synthesis of oxide supports is the first step toward studying these clusters. Below we present examples on the synthesis, characterization, and testing of (a) oxide films and (b) metal clusters deposited on top. We focus on oxide thin films that are thin enough to be conductive and homogenous for the applications of the spectroscopic methods (44, 68) .
Silica (SiO 2 ) is a commonly used inert support for technical heterogeneous catalysts. Highquality, ultrathin, ordered, and flat thin films are achieved by the sequential deposition of 0.5 ML of Si at room temperature on Mo(112) and subsequently oxidizing in 1 × 10 −7 mbar O 2 at 800 K for 5 min (69). The film thickness can be gradually increased using this recipe to a desired level. To achieve extremely flat films, one requires high-temperature annealing up to 1,200 K. X-ray photoelectron spectroscopy (XPS) and Auger electron spectroscopy have been used to ascertain the stoichiometry of these films. On the same substrate, a different film-formation recipe involves oxidizing a half-monolayer of Si at 800 K for 6 min in 5 × 10 −6 mbar O 2 followed by repeated growth cycles and high-temperature annealing (45, 46) . Both ways of synthesizing the films have been established to form flat and epitaxial structures. However, there are still debates regarding whether the film structure is an isolated [SiO 4 ] tetrahedron or a two-dimensional (2D) network (47, 70) .
Alumina thin films have been prepared on Mo(110) substrate by depositing aluminum in a background O 2 pressure of 7 × 10 −7 Torr at room temperature and were subsequently annealed to 1,200 K (42). Similar films have been synthesized on Re(0001) and Ta(110) (40, 41, 71) . These films grow two dimensionally before evolving into 3D structures at higher coverages. The long-range order, growth mode, and oxidation state of Al and the vibrational modes of these films were studied using standard surface-science techniques, including low-energy electron diffraction (LEED), lowenergy ion scattering (LEIS), Auger electron spectroscopy, and high-resolution electron energyloss spectroscopy. Ultrathin, well-ordered, and flat Al 2 O 3 films can also be developed by oxidizing Al single crystals, AlNi, and Ni 3 Al (44, (72) (73) (74) .
Well-ordered MgO thin films (49, 52, 53) were prepared on Mo(100) by the deposition of Mg in an O 2 background at 600 K. Subsequently, these films were annealed to 1,100 K to obtain ordered structures. These films have been studied using a variety of surface-science techniques, such as temperature-programmed desorption, infrared reflection absorption spectroscopy (IRAS), XPS, and LEED, and with CO and water as probe molecules to investigate their stoichiometry, long-range order, and chemical properties. The synthesis of well-ordered MgO films has also been reported on Fe (75) and Ag (76, 77) single crystals.
Among the many model oxide films investigated, titania thin films have been prominent academically because of their properties, easy preparation methods, and their availability as a conducting single crystal (39, (78) (79) (80) (81) (82) (83) (78) . The thermal stability of these films after annealing to high temperatures was investigated by using LEIS and STM. Surface defects can be introduced into the films by further annealing them to 1,200 K, as confirmed by XPS.
Well-ordered (8 × 2)-TiO x films were grown on an Mo(112) surface (84, 85) . High-quality films were synthesized using an indirect method involving the growth of a well-ordered SiO 2 film followed by a TiO x layer. As detailed below, this TiO x film is noteworthy in that Au completely wets the surface of the film, forming mono-and bilayer well-ordered uniform films that display spectacular catalytic activity for CO oxidation (86).
Cluster-Deposition Methods
One of the easiest ways to synthesize clusters supported on metal-oxide model catalysts is by vapor depositing the metal. The operating conditions have a pronounced effect on the morphology of the clusters. This effect also varies with the metal, support oxide, and their interactions. But by varying the deposition rates and controlling the experimental conditions, we can accurately control the size, density, and morphology of the clusters. The cluster size can be decreased by the formation of artificial nucleation centers on the substrate by controlling the defect density or by preadsorbing a reactive adsorbate on the surface before cluster deposition (80) . The cluster size distribution in the vapor-deposition method is usually quite broad.
Ligand-stabilized clusters can be grown in UHV conditions by the use of surfactants (87, 88). The surfactants prevent further nucleation of the clusters after deposition and can be removed by annealing or other methods. Molecular beams have been used along with mass-selective clusterdeposition methods to grow nanoclusters with rigid control over the size and density (89-91). This cluster-synthesis procedure has evolved rapidly after circumventing some challenges due to mass selection, cluster stabilization, and cluster soft landing. The movement of the clusters on the surface is dependent on the temperature and the number of point defects. This method provides insights into the metal-support interaction by comparing the chemical reactivity of the supported clusters with that of the gas-phase clusters. However, the morphology of the cluster deposited on a surface also depends on the approach used to grow it.
Nanometer-range clusters can be synthesized using nanolithography (92-94). This technique allows the surface to be patterned into well-defined arrays before cluster deposition. The chemical and physical properties of clusters, such as sintering and lateral mass transport, can be studied using this approach. This method is relatively time-consuming, but well-defined uniform clusters in the size range of 10-100 nm can be synthesized.
Cluster Size and Reactivity: Model Catalyst Samples
In heterogeneous catalysis, it is of virtual importance to build structure-reactivity relationships at an atomic level. Whereas this is very difficult to nearly impossible for high-surface-area technical catalysts, it is rather achievable for planar model catalysts. In the following, examples are given on titania-supported Au nanoparticles and thin films in CO oxidation, and silica-supported Rh nanoparticles in ethylene hydroformylation.
3.3.1.
Reactivity of Au/TiO 2 in CO oxidation. Au in bulk is chemically inert and has often been regarded to be poorly active as a catalyst. However, when Au is finely dispersed (with particle diameters below 10 nm), it exhibits surprisingly high activity for many reactions (e.g., CO oxidation and propylene epoxidation) (95, 96). The correlation between the reaction rate and cluster size is exceptionally observed for Au/TiO 2 catalysts (80, 95-100). The preparation of the planar Au/TiO 2 catalyst involves the vapor deposition of Au onto the TiO 2 single crystal or the thin film of TiO 2 grown on Mo(100) described above. XPS and LEIS have been used (101, 102) to understand the growth of Au on TiO 2 . STM is particularly useful to precisely follow the 2D-to-3D transition of the metal clusters. This methodology, coupled with reaction kinetics measurements, gives rise to outstanding structure-reactivity correlations, as shown below. Figure 6a shows an STM image of 0.25 ML of Au deposited on a TiO 2 (110) single crystal at room temperature and subsequently annealed to 850 K for 2 min (80, 100). The bright spots on the surface correspond to the 3D Au clusters with an average diameter of ∼2.6 nm and a height of ∼0.7 nm. Scanning tunneling spectroscopy was used to probe the correlation between the cluster size and the associated electronic structure. In this method the tunneling current (I) is measured as function of bias voltage (V) in the region of interest to generate an I(V) curve. Figure 6b shows the corresponding scanning-tunneling-spectroscopy curves for various Au cluster sizes and the TiO 2 substrate. For the TiO 2 substrate, the I(V) curve shows a wide tunneling gap, consistent with the semiconducting properties for bulk TiO 2 . As for the Au particles, the largest band gap is reflected by those undergoing the transition from 2D to 3D structures. This is reminiscent of the transition between metallic and nonmetallic clusters, which occurs at the critical cluster diameter of 2.0-4.0 nm and a height of approximately two atomic layers. Hence these data evidently show that the I(V) curves reflect the changes in the cluster properties with the variation in the cluster size.
In the following, we discuss the activity exhibited by the Au/TiO 2 catalyst for CO oxidation. As displayed in Figure 7a , this activity is clearly dependent on the cluster size. The maximum reaction rate is observed for the catalyst with a cluster size of approximately 3 nm. the band gap as a function of the cluster size. The 2D small clusters (diameter less than 2.0 nm) have a large band gap, and a transition toward a smaller band gap is observed for larger clusters with a cluster size of approximately 3.5 nm. As the clusters grow larger (to approximately 4.0 nm or greater), they exhibit metallic properties, and no corresponding band gap can be seen. Comparing Figure 7a ,b, it is obvious that there is maximal catalyst-cluster activity for those transitioning from a metal to a nonmetal. This transition effect with the cluster-size variation has also been reported for Fe clusters on GaAs (110) (84) (85) (86) . Au completely wets the surface, and two well-ordered structures were formed: a Mo(112)-(1 × 1) structure at an Au coverage of 1.0 ML and a Mo(112)-(1 × 3) bilayer structure at an Au coverage of 1.33 ML. The corresponding LEED patterns and the schematic models are displayed in Figure 8 .
These two structures were tested for CO oxidation activity. As seen in Figure 9 , the catalytic activity is maximized for the (1 × 3) bilayer structure, whereas the (1 × 1) structure shows much less activity. The bilayer structure showed activity that was more than 45 times higher than that reported for any high-surface-area Au/TiO 2 catalysts (86, 107). With the further addition of Au, the activity decreases owing to the formation of 3D particles that block the active structure. Activity for CO oxidation at room temperature as a function of Au coverage above the monolayer on Mo(112)-(8 × 2)-TiO x . The CO:O 2 ratio is 2:1, and the total pressure is 5 Torr. The data represent the initial rates derived by extrapolating the rate data to zero time. The turnover frequency for the (1 × 1) Au structure was calculated with the total number of Au atoms in the structure; the turnover frequency (TOF) for the (1 × 3) structure was computed by dividing the overall rate minus two-thirds the (1 × 1) rate (those reactive atom sites blocked by the second-layer Au) by the number of Au atoms in the second layer of the structure; for Au coverages greater than 2.0 ML, the TOFs are based on total Au owing to the formation of 3D clusters. activity difference between the (1 × 1) and (1 × 3) structures suggests that the presence of the right support does not ensure the complete activation of the catalyst. The presence of the second layer of Au is clearly crucial. As seen in Figure 7 , maximized activity was observed for Au particles with two-layer thicknesses as well. These two studies clearly demonstrate the ability of surface-science models not only to replicate the catalytic properties of real-world heterogeneous catalysts but also to set achievable targets toward which the high-surface-area catalysts can be tuned to perform better.
Ethylene hydroformylation on SiO 2 -supported Rh particles.
CO insertion into adsorbed alkyl groups is an important catalytic reaction step to form oxygenates (e.g., aldehydes, alcohols). C 2 H 4 hydroformylation (C 2 H 4 + CO + H 2 ) is a well-known reaction for the synthesis of aldehydes via the CO insertion reaction (108). It has been proposed that during heterogeneous C 2 H 4 hydroformylation on Rh surfaces, C 2 H 4 is first hydrogenated to a -C 2 H 5 surface species, which then undergoes CO insertion to form a surface acyl species, followed by hydrogenation to form propionaldehyde (109, 110). Previous investigations on supported Rh have indicated that undercoordinated Rh surface sites are favorable for CO insertion, in which linearly bound atop CO is more reactive than CO bound in a dispersed or gem-dicarbonyl [Rh(CO) 2 ] fashion (111, 112). Additionally, propionaldehyde formation has been found to increase with increased Rh dispersion for supported Rh systems (112, 113). (a) Propionaldehyde turnover frequency (TOF) versus average Rh particle size (nm). Reaction conditions are 50 Torr CO, 50 Torr C 2 H 4, and 400 Torr H 2 at T = 500 K for 1 h. ± σ y error bars represent the error of repeated reactivity measurements, and ± σ x error bars represent the sigma of the Rh particle-size distribution as determined from scanning tunneling micrography measurements. The dotted-dashed line represents reactivity measurements obtained on an Rh(111) single crystal. The smooth line is present to guide the eye. (b) Polarization-modulation infrared reflection absorption spectroscopy on Rh/SiO 2 model catalyst surfaces under reaction conditions 50 Torr CO, 50 Torr C 2 H 4 , and 400 Torr H 2 . Reactant mixtures are introduced at T = 300 K, and a rapid infrared scan (20 scans) is obtained. The sample is then heated to T = 500 K, and another rapid infrared spectrum is obtained (20 scans). The sample is then held at reaction temperature, and spectra (692 scans) are obtained every 10 min. Figure adapted from ( d p = 7.1 nm) , a nearly order-of-magnitude increase in propionaldehyde formation is observed. Considering the similarity in the total Rh site density of Rh(111) and the 7.1-nm Rh/SiO 2 surface, and the relatively small expected increase in undercoordinated (step-like) site density between these surfaces, the SiO 2 support evidently plays an important role in the CO insertion reaction. This likely indicates that the hydrogen present on the SiO 2 support under reaction conditions plays a role in hydrogenating the acyl surface groups present on the Rh particle (110). When the Rh particle size decreases from d p = 7.1 nm to 2.5 nm, a roughly fivefold increase in turnover frequency is observed. This increase in rate, conversely, results mainly from an increase in the number of undercoordinated step-like surface sites on the Rh surface (114, 115) .
However, as Rh particles continue to decrease below 2.5 nm, the number of undercoordinated Rh sites must continue to increase; the decrease in propionaldehyde turnover frequency indicates that another factor must be at play for smaller Rh particles. Polarization-modulation (PM-)IRAS measurements were obtained under reaction conditions as a function of average Rh particle size ( d p = 1.6, 2.9, and 3.7 nm) to reveal the underlying origin, as shown in Figure 10b . As the infrared spectra indicate, a single spectral feature associated with linearly bound CO is observed for surfaces with average Rh particle sizes above d p = 2.5 nm. In contrast, PM-IRAS spectra obtained for the Rh/SiO 2 surface with d p = 1.6 nm exhibit two prominent vibrational features: one associated with linearly bound CO (2,066 cm −1 ) and one consistent with an Rh carbonyl hydride species [Rh(CO)H] (2,035 cm −1 ) (116) (117) (118) (119) (120) (121) . Taken together, the kinetic and PM-IRAS data suggest that the observed particle-size effect of CO insertion for ethylene hydroformylation on Rh/SiO 2 surfaces is driven by two factors: (a) the promotion of CO insertion on undercoordinated Rh surface sites as the initial average Rh particle size is decreased to ∼2.5 nm and (b) a decrease in propionaldehyde formation on small Rh particles, which correlates with the presence and formation of Rh carbonyl hydride species under reaction conditions as observed via PM-IRAS. Comparison with Rh(111) reactivity data suggests that the SiO 2 support plays a role in the propionaldehyde formation on Rh/SiO 2 .
CONCLUSIONS AND OUTLOOK
One of the primary goals of surface scientists a few decades ago was to explain the basic concepts of the structure sensitivity and insensitivity of reactions on heterogeneous catalysts. This was suitably addressed by employing single crystals as model catalysts and working with unique analytical methods that combine UHV equipment with a high pressure reactor. Single crystals as model catalysts also aided our understanding of the effects of additives (poisons and promoters) on catalyst activity. These studies have shown that the mechanistic information of the reactions on the heterogeneous catalysts can be obtained and that the relative importance of electronic and geometric effects in the overall behavior of the catalyst can be discerned.
Single crystals as model catalysts do not accurately mimic the subtleties of the heterogeneous catalysts, and as established through examples above, there could be a significant disparity in the chemical property of a catalyst, depending on the operating conditions (in terms of pressure and temperature) and the presence of the support, for example. Hence these investigations were extended to engage more complex systems such as multimetallic systems and metal clusters on thin oxide films. Further advancement in the field of surface science has been possible owing to the preparation of thin model oxide films. A wide array of thin films were produced that encompass all the oxide supports used in the synthesis of heterogeneous catalysts and accurately depict the structural and electronic properties of the bulk oxide surfaces. Metal clusters deposited on these planar oxide surfaces permit remarkable control over the growth properties and the physical structure and offer the prospect of investigations in molecular detail. These model systems not only are applicable to kinetic reactions, but they are also amenable to many surface spectroscopic techniques, particularly the scanning probe techniques under realistic pressures and at working temperature conditions. In the meantime, many novel surface spectroscopic techniques, such as PM-IRAS, SFG, and elevated-pressure XPS, were developed to decipher the nuances of the simple yet complex metal-cluster catalysts on metal-oxide surfaces.
In the past few decades, there has been great advancement in the development of novel model catalysts, and consequently a seamless transition has been established in many instances from the surface-science models to the real-world catalysts. Cooperation between the two fields is critical for their development. Equipped with novel spectroscopic techniques and an extensive range of methods to produce catalysts, we can look forward to solving numerous long-standing questions about catalytic processes.
SUMMARY POINTS
1. Planar model catalysts (including metal single crystals) are useful models to mimic highsurface-area supported catalysts.
2. The pressure and material gaps can be successfully bridged by using planar model catalysts and UHV-high-pressure reactor systems. 
